The conserved N-domain of the STAT proteins has been implicated in several activities crucial to cytokine signaling including receptor recruitment and STAT activation, cooperative DNA binding and STAT-dependent gene expression. We evaluated the role of the STAT3 N-domain in the IL-6 signal transduction pathway leading to Socs3 gene expression, an essential mechanism that controls the quality and magnitude of IL-6-dependent transcriptional responses. Based on the model for STAT N-domain function in cooperative gene expression and the presence of tandem STAT binding motifs in the murine Socs3 promoter, we anticipated that stabilizing interactions between adjacent STAT3 dimers via N-domain sequences might be essential for Socs3 gene expression. This was underscored by the tight conservation in the location and sequence of the tandem STAT binding sites between the murine and human Socs3 promoters. Using reconstitution into Stat3−/− mouse embryonic fibroblasts (Stat3−/− MEFs), we find that a STAT3 N-domain deletion mutant ( 133STAT3) is activated by tyrosine phosphorylation in response to IL-6 and then undergoes dephosphorylation with kinetics similar to full-length STAT3. These results highlight important differences compared to other STATs where the N-domain has been shown to mediate activation (STAT4) or dephosphorylation (STAT1). STAT3 binds predominantly to a single STAT consensus site in the Socs3 promoter, despite the presence of an adjacent STAT motif. Significantly, 133STAT3 stimulates expression of the endogenous Socs3 gene in Stat3−/− MEFs upon IL-6 treatment with an activity similar to reconstituted STAT3, demonstrating that the N-domain is dispensable for Socs3 gene expression. We propose that the Socs3 gene in its chromosomal context is activated by the IL-6/STAT3 pathway independent of STAT3 N-domain sequences. (Mol Cell Biochem 288: [179][180][181][182][183][184][185][186][187][188][189] 2006) 
Introduction
The transcription factor STAT3 plays a central role in numerous cytokine signaling pathways, demonstrating tissuespecific functions such as regulation of the hepatic acute cytokine receptor complex via a central SH2 domain, tyrosine phosphorylation on a conserved C-terminal residue, and dimerization through reciprocal SH2/phosphotyrosine interactions. These events promote STAT3 nuclear accumulation, DNA binding and the rapid induction of cytokine-responsive target genes (5, 6) . STAT3 activity is downregulated by multiple mechanisms including dephosphorylation within the nucleus, loss of DNA binding activity and nuclear export (5) (6) (7) (8) .
A balanced STAT3 response is essential, as alterations in this pathway have severe effects in vivo (1) (2) (3) (9) (10) (11) (12) (13) .
Persistent activation of STAT3 has been observed in several diseases. Activated STAT3 is present in many solid tumors and tumor cell lines (14, 15) , and a direct role in oncogenesis was demonstrated by use of an engineered STAT3 dimer with constitutive activity, which showed transforming activity in fibroblasts (13) . Oncogenic tyrosine kinases such as v-Src can phosphorylate and activate STAT3 in a cytokineindependent manner and thereby contribute to tumor formation (16, 17) . STAT3 inhibitors are under development for the treatment of certain cancers including those of the head, neck and prostate (18) (19) (20) . Furthermore, the STAT3 pathway may provide a therapeutic target for certain immune-mediated disorders including rheumatoid arthritis (1, 10, 12, 21) . Constitutive activation of STAT3 in disease indicates an imbalance of stimulatory and downregulatory pathways; understanding the mechanics of these will contribute to the development of future therapies.
Several independent pathways regulate the cellular response to cytokines (22) ; their disruption can have severe to lethal consequences in vivo (23) (24) (25) (26) (27) (28) . Members of the SOCS protein family control a principal cytokine signal termination mechanism, operating at distinct steps in the receptor-signaling pathway (22, 29) . SOCS proteins competitively inhibit STAT recruitment to receptors, block receptorassociated JAK kinase activity and target cytokine-signaling intermediates for destruction via proteosomal degradation (22, 29) . Expression of certain SOCS genes, including Socs1 and Socs3, is stimulated rapidly by cytokines via a STATdependent pathway (29) . Thus, STATs initiate a regulatory feedback loop to modulate cytokine signaling by the induction of SOCS protein expression.
The essential role of these regulatory pathways was highlighted by recent studies on STAT3 and its target gene Socs3 in the interleukin-6 (IL-6) signal transduction pathway. IL-6 is essential for the acute phase response of the immune system and is a significant factor in the pathogenesis of certain diseases such as multiple myeloma (30) . Signal transduction by IL-6 requires the specific α chain (IL-6Rα) and the shared gp130 receptor subunit, which activate STAT1 and STAT3 in response to ligand binding (30) . STAT3 controls the expression of many acute phase response genes as well as genes involved in cell growth and survival pathways (6, 30) , while the role of STAT1 in IL-6 signaling is less clear. Cells lacking STAT3 or SOCS3 show an imbalanced signaling profile upon treatment with IL-6, with elevated and prolonged STAT3 and STAT1 activation (24, 26, 27) . In response to IL-6, STAT3-or SOCS3-deficient cells induce many genes normally controlled by interferon-γ (IFNγ ), which signals by a STAT1-dependent pathway (24, 26, 31) . Furthermore, mice lacking STAT3 or SOCS3 in the hematopoietic system throughout their development succumb to a severe inflammatory disease (10, 25) .
The N-terminal region of the STAT proteins, which comprises approximately 130 residues that assemble into 8 α-helices separated by short linkers (32) (33) (34) , has been implicated in diverse functions including STAT activation, deactivation and target gene expression (35) (36) (37) . For example, the N-domain of STAT4 is required for cytokineresponsive activation via tyrosine phosphorylation (36, 38) by mediating the formation of STAT4 oligomers in the cytoplasm (35) . By contrast, the N-domains of STAT1 and STAT5 control the kinetics of STAT deactivation; for STAT1 this is regulated by N-domain-dependent recruitment of the nuclear tyrosine phosphatase TC45 (37) . Isolated STAT N-domains show potent homotypic interactions (35) . STAT N-domains have been implicated in target gene regulation by providing an interface for stabilizing interactions between STAT dimers on adjacent DNA binding sites (37, 39, 40) . The extent to which these functions are shared among all STAT family members is not clear.
Little is known about the role of the N-domain in the STAT3 signaling pathway. The presence of highly conserved, adjacent STAT binding motifs in the Socs3 promoter suggested that the STAT3 N-domain may be required for Socs3 gene regulation via a cooperative binding mechanism. To test this, we reconstituted Stat3−/− MEFs with wild type STAT3 or an N-terminal deletion mutant ( 133STAT3). We found that 133STAT3 was activated robustly by IL-6 treatment, and underwent nuclear localization and dephosphorylation with kinetics similar to full-length STAT3. Our studies showed that 133STAT3 stimulated IL-6-dependent SOCS3 expression in Stat3−/− MEFs as effectively as wild-type STAT3. STAT3 interacts preferentially with a single consensus binding motif in the Socs3 promoter, despite the presence of an adjacent conserved motif. These results highlight significant differences with N-domain function in other STAT proteins and indicate that STAT tetramer formation via the N-domain is not essential for all target gene responses.
Materials and methods

Plasmids, transfections and cell culture conditions
133STAT3 was constructed by a polymerase chain reaction (PCR)-based strategy in which the forward primer encodes a Not I restriction site, the first six nucleotides of murine Stat3 (bold) and 21 nucleotides encoding STAT3 residues 134-139 (italics) (5 -ATAAGAAGCGGCCGCATGGCT GCCGCCGTAGTGACAGAGAAG-3 ). The reverse primer encodes sequences surrounding a unique Bsu36I restriction site at position 1303 in murine Stat3 (5 -CACATCTC-TGCTCCCTAAG-3 ). The forward and reverse primers were used to amplify sequences from the murine Stat3 cDNA (pRc/STAT3; generously provided by Dr. Jim Darnell); the resulting PCR fragment was digested with Not I and Bsu36I and isolated following gel electrophoresis. The pRc/STAT3 plasmid, which contains the STAT3 coding region fused to a C-terminal FLAG epitope, was digested with Not I and Bsu36I to remove sequences encoding the STAT3 N-terminal region. The linearized plasmid was ligated to the purified PCR fragment. The resulting construct generated an internal deletion of STAT3 lacking residues 3-133 (termed 133STAT3). The C-terminal FLAG epitope was preserved in 133STAT3. Deletion of the N-domain coding region was confirmed by DNA sequencing and immunoblot analysis following transient transfection assays (data not shown). The 133STAT3 cDNA was subcloned into the retroviral vector pBABEpuro using the 5 BamHI and 3 ApaI restriction sites that flank STAT3 coding sequences. A pBABEpuro plasmid containing wild type STAT3 was generously provided by Dr. Curt Horvath.
NIH3T3 cells, a Stat3−/− mouse embryonic fibroblast cell line (Stat3−/− MEFs) and Stat3+/− cells (Stat3+/− MEFs) were grown in Dulbecco's Modified Eagle's medium containing 10% fetal calf serum (DME/FCS) in a humidified CO 2 incubator. The derivation of Stat3−/− and Stat3+/− MEFs has been described elsewhere (41) . 32D cells expressing ER-S3, an EpoR isoform engineered to activate STAT3 in place of STAT5, have been described previously (42, 43) .
To generate infectious retrovirus carrying STAT3 cDNAs, Phoenix packaging cells were transiently transfected with pBABE/STAT3 or pBABE/ 133STAT3 plasmids and pCLEco packaging construct(44) using Fugene6 Transfection Reagent (Roche). Viral supernatants were collected at 48 h post-transfection and used immediately to infect NIH3T3 cells or Stat3−/− MEFs. Cells were incubated with undiluted viral supernatants for 5 hours at 37
• C in the presence of 6.5 μg/ml polybrene, cultured an additional 48 h in DME/FCS and then selected in media containing 6μg/ml (NIH3T3) or 3μg/ml (Stat3−/− MEFs) puromycin. Pooled cell lines were used in all experiments; expression of STAT3 or 133STAT3 was confirmed by FLAG immunoblot assays (data not shown).
Cytokine treatments, antibodies, immunoprecipitations and immunoblot assays
Cells were stimulated with IL-6 and soluble IL-6 receptor (sIL-6R) (R&D Systems) (25-50 ng/ml) as indicated.
Antibodies specific for tyrosine-phosphorylated STAT3 (pSTAT3; Upstate Biotechnology, Cell Signaling), total STAT3 (Santa Cruz), and FLAG epitope sequences (Sigma) were obtained from the indicated commercial sources.
In non-denaturing immunoprecipitations, detergent cell extracts were prepared in isotonic Triton X-100 lysis buffer (1% Triton X-100, 150 mM NaCl, 50 mM Tris pH 7.4, 1 mM EDTA) as described previously (42) . Denaturing immunoprecipitations were performed with whole cell lysates prepared by solubilization of cells in 1% SDS, 150 mM NaCl, 50 mM Tris pH 7.4, 1 mM EDTA, followed by sonication and boiling. Whole cell SDS lysates were clarified by centrifugation and diluted 1:10 with isotonic Triton X−100 buffer. Antibody incubations were performed as described previously (42) . Whole cell lysates for immunoblot analysis were prepared by solubilization of cells in 2× SDS-PAGE sample buffer (2% SDS, 80 mM Tris pH 6.8, 15% glycerol containing 1% β-mercaptoethanol and bromphenol blue), as described previously (42) . Nuclear extracts were prepared using a modification of the electrophoretic mobility shift assay (EMSA) extract preparation (42) . Cells were washed in PBS, resuspended in ice-cold Buffer A (10mM Hepes pH 7.9, 50 mM KCl, 1.5 mM MgCl 2 , 1.0 mM EDTA, 3% glycerol), incubated 5 min on ice, pelleted by microcentrifugation at 3000rpm, resuspended in Buffer B (Buffer A containing 10 μl/ml 10% NP-40) and incubated for an additional 5 min on ice. Nuclei were pelleted by microcentrifugation at 3000 rpm, washed extensively in PBS, solubilized by sonication in 2× SDS-PAGE sample buffer and denatured by boiling.
Protein samples were separated by SDS-PAGE and transferred electrophoretically to nitrocellulose membranes (Protran). For immunoblots with pSTAT3 antibody, membranes were probed according to the antibody manufacturer's instructions. For all other immunoblots, membranes were blocked in Tris-buffered saline (50 mM Tris pH 7.4, 150 mM NaCl) containing 0.2% Tween 20 (TBS/T) and 4% milk for a minimum of 1 h at room temperature, then incubated overnight at 4
• C in blocking buffer containing the indicated primary antibody, using antibody dilutions recommended by the manufacturer. Membranes were washed with TBS/T for 30 min at room temperature, incubated with horseradish peroxidase (HRP)-conjugated secondary antibody (Amersham) for 60 min at room temperature and developed using enhanced chemiluminescent (ECL) reagents (Pierce) following the manufacturer's instructions. To reprobe with a different antibody, membranes were incubated in 62mM Tris pH 6.8, 2% SDS and 0.7% β-mercaptoethanol for 30 min at 65
• C, washed extensively in TBS/T, blocked and incubated with appropriate primary and secondary antibody solutions. In some cases, identical samples were run on separate gels and individual membranes were probed in parallel with pSTAT3 or STAT3 antibodies.
Electrophoretic mobility shift assays (EMSAs)
Nuclear extracts were prepared as described in the previous section through the lysis and incubation steps in Buffer B. Following these, nuclei were isolated by centrifugation through an equal volume of Buffer C (10 mM Hepes pH 7.9, 1.5 mM MgCl 2 , 25% glycerol), washed in ice-cold PBS and extracts were generated by incubation in high salt lysis buffer (10 mM Hepes pH 7.9, 400 mM KCl, 1.5 mM MgCl 2 , 1.0 mM EDTA). Protein concentrations were determined by commercial reagents (Pierce).
Binding reactions were performed with synthetic doublestranded radiolabeled oligonucleotides derived from the murine Socs3 promoter or the murine α2-macroglobulin promoter. Oligonucleotides that contain both STAT consensus motifs in the Socs3 promoter (−100 to −59, 5 -AAACATT-ACAAGAAGACCGGCCGGGCAGTTCCAGGAATCGG-G-3 ) or single STAT binding sites (proximal site, −79 to −59, 5 -CGGGCAGTTCCAGGAATCGGG-3 or distal site, −100 to −80, 5 -AAACATTACAAGAAGACC GGC-3') were used (45) . Mutations (in italics) in the proximal (5 -CCACAGGAA-3 ) and/or distal STAT binding site(s) (5 -CCACAAGAA-3 ) were generated in the context of the −100 to −59, −100 to −80 and −79 to −59 oligonucleotides (see Fig. 5 ). In addition, an oligonucleotide containing adjacent STAT binding sites in the α2-macroglobulin promoter was utilized (5 -AGCAGT-AACTGGAAAGTCCTTAATCCTTCTGGGAATTCTGG-3 ). Binding reactions were incubated for 30 min at room temperature then separated on 6% non-denaturing polyacrylamide gels. Unlabeled competitor oligonucleotides (25 μM) or antibodies (1 μg anti-STAT1 or anti-STAT3 antibody; Santa Cruz) were included in a 15 min pre-incubation step in some reactions, as indicated in the figure legends.
Total RNA isolation, northern blot analysis and quantitative real time PCR
Total RNA was extracted with Trizol reagent (Molecular Research Center, Inc.), using conditions provided by the manufacturer. Denatured RNA (10 μg NIH3T3 cell lines; 20μg Stat3−/− or Stat3+/− MEFs) samples were separated on 1% agarose gels containing 6.4% formaldehyde, and transferred to nylon membranes in 10X SSC overnight. Cross-linking of RNA to the membrane was performed in a UV Stratalinker 2400 (Stratagene), using conditions provided by the manufacturer. Membranes were prehybridized in buffer containing 50% formamide, 5× Denhardt's solution, 6 × SSC, 0.1% SDS and 50 μg/ml tRNA for 4-6 h at 42
• C. Denatured, radiolabeled cDNA probes were added (approximately 1 × 10 6 cpm/ml) and membranes were hybridized for 20-24 h at 42
• C. Membranes were washed by incubation in 2× SSC/0.2% SDS for 30 min, followed by two washes in 0.2× SSC/0.2% SDS for 30 min each and exposed to x-ray film at −80
• C. For real time quantitative PCR, total RNA was reverse transcribed as described (46) . SOCS3 expression was measured using the following primers (RL86: 5 -CGGAGATTTCGCTTCGGGAC-3 ; RL87: 5 -AACTTGCTGTGGGTGACCATGG-3 ) and a FAM-labeled probe (5 -AGCTCCCCGGGATGCGGT-3 ). Expression of beta actin was determined with primers and real time PCR probes as described (47) . cDNA samples were analyzed in duplicate and SOCS3 expression was normalized to beta actin as described previously (47) .
Results
133STAT3 signaling in response to IL-6
To examine STAT3 N-domain function, an internal deletion of residues 3-133 was generated in murine STAT3 ( 133STAT3). This mutation removes the entire N-terminal region and fuses the initiator methionine and second alanine residue to the downstream coiled-coil domain. Based on crystal structure studies performed on STATs lacking N-and C-terminal domains, deletion of the N-domain is not expected to affect the structural integrity of the core protein (34, 48, 49) . NIH3T3 cells, which contain endogenous STAT3, were engineered to stably express wild type STAT3 or 133STAT3 isoforms with a C-terminal FLAG epitope (3T3.STAT3 and 3T3. 133STAT3 cells, respectively).
Sequences in the N-domain of STAT1 have been shown to regulate nuclear TC45 phosphatase association and STAT1 dephosphorylation kinetics (37) . By contrast, the N-domain of STAT4 is essential for cytokine-dependent activation by tyrosine phosphorylation (35, 36) . To examine the potential for the STAT3 N-domain to mediate similar functions, we tested 133STAT3 signaling responses. Short-term stimulation with IL-6 (15 min) and FLAG immunoprecipitations showed that STAT3 and 133STAT3 were activated robustly when expressed ectopically in NIH3T3 cells (Fig. 1A) . Significantly, both proteins underwent dephosphorylation with similar kinetics following IL-6 removal and chase treatments in medium lacking cytokine (Fig. 1A) . Furthermore, the tyrosine phosphorylation kinetics of 133STAT3 did not display significant differences with endogenous STAT3 (Fig. 1B) . Thus, FLAG-tagged STAT3 and 133STAT3 respond similarly to IL-6 treatment in the presence of endogenous STAT3 protein.
IL-6-mediated activation of 133STAT3 in Stat3−/−MEFs
Recent studies have shown that STATs can form oligomeric complexes in unstimulated cells (35, (50) (51) (52) in addition ( 133STAT3) were treated with 25 ng/ml recombinant IL-6 and 25 ng/ml recombinant soluble IL-6 receptor for 15 min (+), followed by removal of IL-6-containing media and additional culture in DME/FCS for 1, 2 or 6 h, or were left untreated (−), as indicated. Denaturing immunoprecipitations from SDSdenatured whole cell lysates were performed with FLAG antibody and analyzed by immunoblotting with antibodies specific for tyrosine-phosphorylated STAT3 (pSTAT3) or total STAT3 (STAT3), upper and lower panels, respectively. (B) 3T3. 133STAT3 cells were stimulated for 2-15 min with recombinant IL-6 and soluble IL-6 receptor as described above, or left untreated, as indicated. Activated (pSTAT3 and p 133STAT3) STAT3 and total STAT3 isoforms were detected by immunoblotting.
to the SH2/phosphotyrosine dimers induced upon cytokine treatment. Therefore, endogenous STAT3 may influence the function of 133STAT3 through the formation of STAT3/ 133STAT3 complexes. To circumvent this issue, 133STAT3 or STAT3 were stably expressed in STAT3-deficient mouse embryonic fibroblasts (Stat3−/− MEFs) by retroviral transduction ( 133STAT3 or STAT3 MEFs, respectively) and tested for IL-6 responsiveness. The parental Stat3−/− MEFs lack detectable expression of STAT3 as judged by immunoblot analysis with N-or C-terminal specific antibodies (data not shown). Reconstituted MEFs were stimulated with IL-6 for 15 min then incubated in medium lacking cytokine for up to 6 h to examine the rate of STAT3 and 133STAT3 dephosphorylation. Importantly, STAT3 and 133STAT3 showed similar kinetics of dephosphorylation in cells lacking endogenous STAT3 (Fig. 2A) . Furthermore, tyrosine-phosphorylated 133STAT3 accumulated rapidly in the nuclear fraction, similar to endogenous STAT3 or ectopically expressed FLAG-tagged STAT3, as judged by cellular fractionation and immunoblotting experiments ( Fig. 2B ; data not shown). Low levels of STAT3 were observed in nuclear extracts from unstimulated cells, which is consistent with a constitutive nuclear import and export process (7, 53) . The distribution of marker proteins histone H3 (nuclear) and HSP70 (cytoplasmic) indicated correct subcellular fractionation (Fig. 2C) .
The comparison between NIH3T3 cells and MEFs enabled us to evaluate the potential role of endogenous STAT3 in 133STAT3 signaling. As indicated by the results in Fig. 2 , endogenous STAT3 is not required for 133STAT3 activation, nuclear import or dephosphorylation. Furthermore, these functions are mediated by mechanisms that are independent of STAT3 N-domain sequences.
I-6-dependent induction of SOCS3 by 133STAT3
Based on previous reports showing a requirement for STAT N-domain sequences in target gene expression (37, 39, 40) , we speculated that the STAT3 N-domain was essential for transcriptional activation of the potent IL-6-responsive gene, Socs3. This was further suggested by the presence of adjacent STAT consensus binding motifs in the murine Socs3 promoter(45), which could potentially mediate STAT3 tetramer formation via N-domain interactions. A comparison of the human and murine Socs3 promoters revealed a striking conservation in the sequence and location of STAT motifs (Fig. 3) , providing additional indication that stabilizing interactions between adjacent STAT3 dimers via their N-domains might be necessary for Socs3 expression.
IL-6 treatment led to strong induction of SOCS3 in Stat3+/− MEFs and Stat3−/− MEFs reconstituted with STAT3, but not in Stat3−/− MEFs (Figs. 4A, B) , thus confirming an indispensable role for STAT3 in IL-6-responsive Socs3 gene regulation. Surprisingly, reconstituted STAT3 and 133STAT3 stimulated SOCS3 expression in Stat3−/− MEFs with comparable kinetics and magnitude, as judged by Northern blot and quantitative real time PCR analyses, indicating similar functional activities of each STAT3 isoform (Figs. 4A, B) . Thus, our results demonstrate that 133STAT3 mediates IL-6-dependent expression of the Socs3 gene in its chromosomal context.
STAT3 interacts with a single consensus binding site in the Socs3 proximal promoter
The adjacent position of conserved STAT binding motifs in the murine Socs3 promoter (Fig. 3)(45) raised the possibility MEFs were treated with 25ng/ml recombinant IL-6 and 25ng/ml recombinant soluble IL-6 receptor for 15 min (+), followed by removal of IL-6-containing media and culture in DME/FCS for 1-6 h, as indicated. Whole cell lysates were subjected to immunoblot analysis with pSTAT3 or total STAT3 antibodies, as indicated (upper and lower panels, respectively). The migration positions of STAT3 and 133STAT3 are shown, as well as a background band that appears with total STAT3 antibody ( * ). (B) Nuclear extracts were prepared from Stat3+/− or 133STAT3 MEFs following stimulation with 50ng/ml recombinant IL-6 and 50ng/ml recombinant soluble IL−6 receptor, as indicated. Samples were analyzed by immunoblotting with pSTAT3 or total STAT3 antibodies, as indicated (upper and lower panels, respectively). (C) Nuclear extracts from untreated or IL-6-treated cells were analyzed by immunoblotting with HSP70 or histone H3 antibodies (upper and lower panels, respectively). Curvature of some histone H3 bands was detected in samples run at the edge of the gel. Cytoplasmic extracts (C) were prepared from unstimulated cells and analyzed in parallel.
that STAT3 dimers were recruited to each site, with the potential for cooperative binding via homotypic interactions between neighboring STAT3 N-domains. A previous study showed that deletion of both sites, or of the site closest to the mRNA initiation point, abrogated cytokine-responsive Socs3 promoter activity, while the function of the distal STAT site was not tested directly (45) . Cooperative binding via STAT N-domain interactions has been delineated for other STAT-responsive genes; most significant to this study is STAT3-mediated activation of the α2-macroglobulin promoter via STAT3 tetramer formation (39) . To examine STAT3 binding on Socs3 promoter elements, we analyzed a series of oligonucleotides containing either adjacent or single STAT motifs (Fig. 5A ) in electrophoretic mobility shift assays (EMSAs). As a control for STAT3 tetramer formation, we included an oligonucleotide derived from the α2-macroglobulin gene, which contains its adjacent STAT binding motifs (Fig. 5A) . Since IFNγ -activated STAT1 can induce SOCS3(54) and STAT1 is heavily tyrosine phosphorylated in Stat3−/− MEFs by IL-6 treatment (data not shown), we circumvented potential complications from hyperactivated STAT1 through the use of a chimeric erythropoietin receptor (ER-S3) that drives robust STAT3 activation due to the presence of engineered STAT3 binding sites derived from gp130 (42, 43) .
Epo stimulation of 32D cells expressing ER-S3 resulted in rapid STAT3 tyrosine phosphorylation and enhanced DNA binding activity on the proximal STAT consensus sequence in the Socs3 promoter (−79 to −59 oligonucleotide) (Fig. 5B,  lanes 1-2 and data not shown) . This DNA binding activity was inhibited by excess unlabeled oligonucleotide and partially supershifted by an anti-STAT3 antibody, indicating that STAT3 interacts specifically with the proximal consensus site (Fig. 5B, lanes 2-4) . In support of this, a corresponding oligonucleotide with a mutated STAT site failed to competitively inhibit STAT3 DNA binding activity (Fig. 5B, lane 5) . Surprisingly, detectable STAT3 binding was not found at the distal STAT element in the Socs3 promoter (−100 to −80 oligonucleotide) (Fig. 5B, lanes 9-10) . A comparison with IFNγ treatment was included to examine the potential for STAT1 interaction at these elements. IFNγ stimulated only modest levels of DNA binding activity on the proximal site oligonucleotide (Fig. 5B, lane 6) , and no detectable binding to the distal site (data not shown). The IFNγ -responsive complex migrated with a faster mobility than the Epo-stimulated STAT3:oligonucleotide complex (Fig. 5B , compare lanes 6 and 2), suggesting it is comprised of STAT1 homodimers bound to the proximal site oligonucleotide. These results collectively indicate that activated STAT3 is recruited primarily to the proximal STAT motif in the Socs3 promoter.
EMSAs with an oligonucleotide containing both STAT binding sites in the Socs3 promoter (−100 to −59) showed the presence of two DNA binding complexes. The major species co-migrated with the complex formed on the proximal site oligonucleotide, suggesting it is comprised of a STAT3 dimer ( Fig. 5C; compare lanes 2 and 15) . The minor DNA binding species comigrated with the tetrameric STAT3 complex bound to the α2-macroglobulin promoter oligonucleotide, which has been shown previously to be stabilized by STAT3 Fig. 3 . Comparison of the murine and human Socs3 promoter sequences. Genomic sequences from the human and murine Socs3 promoter regions were obtained from the Ensembl database and aligned for comparison. The analysis extended to −160bp of upstream sequences since this has been shown to confer maximal activity of the murine promoter via gene reporter assays (45) . The conserved STAT motifs (bold underline), TATA box (light underline) and murine transcriptional start site (45) (arrow) are indicated.
N-domain interactions (39) (Fig. 5C , compare lanes 2 and 17). Competition with oligonucleotides containing an intact proximal STAT site effectively blocked STAT3 DNA binding activity on the Socs3 dual site oligonucleotide (Fig. 5C, lanes  3, 5, 7 ), while competition with oligonucleotides containing a mutated proximal site, or the distal site alone, failed to abrogate DNA binding (Fig. 5B, lanes 4, 6, 8-10 ). IFNγ treatment did not lead to significant DNA binding activity on the Socs3 dual site oligonucleotide (Fig. 5C, lanes 11-13) . These results show that the proximal STAT site mediates STAT3 interaction with the Socs3 promoter. They also suggest the potential for STAT3 tetramer formation on Socs3 promoter sequences, which may be initiated or stabilized by STAT3 interaction at the proximal STAT motif. Nonetheless, induction of Socs3 by IL-6 is independent of the STAT3 N-domain, indicating that STAT3 tetramer formation via N-domain interactions is not essential for assembly of a stable transcriptional initiation complex on the endogenous Socs3 promoter.
Discussion
The highly conserved N-terminal domain of the STAT proteins has been shown to mediate several activities including cytokine receptor recruitment, target gene expression and STAT downregulation (33, 35-37, 39, 55) . We examined the function of the N-domain of STAT3, an essential STAT family member with numerous roles in normal and disease signaling pathways. Deletion of the STAT3 N-domain did not impair IL-6-dependent tyrosine phosphorylation, nuclear import or dephosphorylation kinetics, indicating that this region is not essential for STAT3 recruitment to the IL-6 receptor complex, translocation to the nuclear compartment or downregulation. These results point to significant differences with N-domain function in other STAT proteins, despite the structural similarity of this region. For example, the STAT4 N-domain is essential for activation through cytokine receptors, an event that requires N-domain-dependent dimerization between non-phosphorylated STAT4 molecules in unstimulated cells (35, 36) . In STAT1, the N-domain appears to regulate association with the nuclear phosphatase TC45 and subsequent STAT1 dephosphorylation (37, 55) . By contrast, deletion of the STAT5a N-domain does not abrogate cytokine-responsive tyrosine phosphorylation, dimerization or dimer DNA binding yet appears to render constitutive activation, indicating a negative regulatory function (56) . Thus, the N-domain may participate in unique signaling responses for individual members of the STAT protein family.
STAT N-domains were initially found to have an important role in stabilizing contacts between adjacent STAT dimers on tandem DNA binding sites, which appears to be required for the expression of certain STAT target genes (37, 39, 40) . Isolated STAT N-domains demonstrate highly specific, homotypic interactions in overexpression systems, yet do not bind the N-domains of distinct STAT family members (35) . This suggests that STAT N-domains have a shared function in stabilizing STAT oligomeric complexes, either on adjacent promoter elements within the nucleus or in the cytoplasm of unstimulated cells (32, 33, 36, 37, 39) . We found that the tandem STAT consensus motifs in the murine Socs3 promoter were highly conserved with the human promoter in sequence and in location relative to the transcriptional initiation site. This suggested an important function in STAT3 recruitment and Socs3 gene regulation. In light of these collective results, we speculated that STAT3 N-domain sequences might be required to maintain an efficient STAT3 activator complex on the Socs3 promoter. Surprisingly, however, IL-6-dependent SOCS3 expression was stimulated by 133STAT3 as effectively as STAT3 in reconstituted Stat3−/− MEFs, which show a tight requirement for STAT3 protein. Furthermore, STAT3 DNA binding activity on the Socs3 promoter is mediated primarily through the proximal STAT motif. Taken together, our studies indicate that Socs3 gene expression does not require STAT3 tetramer formation by N-domain sequences, rather STAT3 interaction at the proximal motif in the Socs3 promoter may be sufficient to stabilize an effective transcriptional initiation complex via an N-domain-independent mechanism.
STAT3 showed potential ability to mediate tetramer formation on the Socs3 promoter dual site oligonucleotide as judged by EMSAs. A dramatic difference was observed in the efficiency of apparent tetramer assembly on individual promoter sequences, however, with strong tetramer formation on the α2-macroglobulin promoter relative to the Socs3 promoter. This may reflect differences in the relative affinities of STAT binding motifs or may be a function of spacing between adjacent STAT elements in these promoter regions (12 bp spacing versus 14 bp in α2-macroglobulin and Socs3 promoters, respectively) (39, 45) . It is important to point out, however, that the apparent STAT3 tetramers observed on the Socs3 promoter sequences were detected in nuclear extracts but have not been confirmed with purified STAT3 protein, thus leaving open the possibility that these complexes contain additional cofactors and are not comprised of STAT3 tetramers exclusively. Importantly, EMSAs with oligonucleotides encoding individual STAT consensus sites from the murine Socs3 promoter indicated that the proximal site centered at −70bp was the principal STAT3 recruitment sequence, while the distal STAT motif did not show considerable affinity for STAT3. These findings are reminiscent of the α2-macroglobulin enhancer in which a high affinity STAT binding site regulates STAT3 tetramer assembly (39) . Presumably, the tight conservation in the human and murine Socs3 promoters is necessary for maximal expression of this critical negative regulatory gene, although little is understood about the mechanisms regulating inducible transcription beyond the requirement for STAT3.
Recent studies have demonstrated that Socs3 gene expression can be stimulated by a STAT1-dependent pathway in response to IFNγ (54) . Moreover, STAT1 and STAT3 were found to have interchangeable functions in IFNγ -dependent regulation of SOCS3 (57) . These results raised the possibility that Socs3 gene induction was regulated via a STAT1-mediated pathway in Stat3−/− MEFs, regardless of STAT3 or 133STAT3 expression. Our data, however, argue against this scenario. Enforced expression of STAT3 or 133STAT3 rendered significant IL-6-inducible SOCS3 expression in Stat3−/− MEFs, while cells lacking STAT3 did not show induction of SOCS3 by IL-6 (Fig. 4) , despite containing high levels of activated STAT1 (data not shown). In addition, IFNγ -activated STAT1 showed only modest DNA binding on Socs3 promoter sequences. These data collectively indicate that STAT3 or 133STAT3 represent the major IL-6-inducible DNA binding species on the Socs3 promoter in MEFs, with their recruitment mediated by the proximal STAT motif. We did confirm IFNγ -dependent regulation of SOCS3 in all MEF cell lines, indicating that SOCS3 regulation via a STAT1 response was intact (data not shown). Presently, it is unclear why STAT1 activation by IL-6 in Stat3-null cells does not lead to significant induction of SOCS3. Perhaps specific STAT1 post-translational modifications, nuclear localization mechanisms or protein co-factors are required for efficient SOCS3 regulation by STAT1, which are lacking in the IL-6 pathway on the Stat3-null background.
In summary, we have demonstrated that IL-6-dependent STAT3 activation, nuclear accumulation and Socs3 gene expression are regulated by a STAT3 N-domain deletion mutant, 133STAT3. This indicates that the N-domain is dispensable for IL-6 stimulation of the STAT3/SOCS3 pathway, an important negative regulatory response in vivo. Our results are significant in light of the essential role of STAT4 N-domain sequences in cytokine activation (35, 36) , downregulation of STAT1 and STAT5 activity by the N-domain (37, 56) , and the function of the N-domain in cooperative DNA binding and gene transcription in other systems, including STAT3-mediated expression of the α2-macroglobulin gene (39), since they reinforce the concept that the STAT N-domains may be involved in unique signaling responses. This may be particularly relevant in light of the recent finding that STAT5 tetramer formation via N-domain sequences is linked with leukemogenesis (56). To our knowledge, mutations in the STAT N-domain have not yet been associated with human disease, although this remains to be explored further due to the critical role for the N-domain in several pathways. Furthermore, our findings highlight the potential for STAT proteins lacking the N-domain to mediate certain biological functions, which may be significant with genetically engineered animals that retain a portion of the STAT coding sequence (56, 58) . With STAT3, the N-domain appears to show selective activity on target gene promoters. This reveals additional complexity in STAT3 transcriptional control mechanisms and underscores the idea that mutations in STAT N-domains may impact some but not all biologic functions.
